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PREFACE

The High-Speed Research Program and NASA Langley Research Center sponsored the NASA
High-Speed Research Program Aerodynamic Performance Workshop on February 25-28,
1997. The workshop was designed to bring together NASA and industry High-Speed Civil
Transport (HSCT) Aerodynamic Performance technology development participants in areas of:
Configuration Aerodynamics (transonic and supersonic cruise drag prediction and minimiza-
tion), High-Lift, Flight Controls, Supersonic Laminar Flow Control, and Sonic Boom Predic-
tion. The workshop objectives were to: (1) report the progress and status of HSCT aerodynamic
performance technology development; (2) disseminate this technology within the appropriate
technical communities; and (3) promote synergy among the scientist and engineers working
HSCT aerodynamics. In particular, single- and multi-point optimized HSCT configurations and
HSCT high-lift system performance predictions were presented along with executive summa-
rizes for all the Aerodynamic Performance technology areas.

The workshop was organized in three sessions as follows:

Session I Plenary Session
Session II Independent Session
Session III Executive Summaries

The proceedings are published in two volumes:
Volume I, Parts 1 and 2 Configuration Aerodynamics
Volume II High Lift

Conference Chairmen: Daniel G. Baize and Robert L. Calloway
NASA Langley Research Center
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4.3.2 HSR High Lift Program and
PCD2 Update

High Lift ITD Team

Guy T. Kemmerly, Langley Roger Clark, McDonnell Douglas
Peter Coen, Langley Dave Hahne, Langley
Paui Meredith, Boeing Brian Smith, Ames

February 25, 1997
Aero Performance Workshop

4.3.2 High Lift Technology

As a representative of the High Lift Integrated Technology Development team I am here to “kick-
off” the high lift independent sessions with an overview - where we have been, where we are, and
where we are headed.

I’1l also describe some of the interfaces we have so everyone can see how we connect with the
rest of the program.
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High Lift Mission

4.3.2

The mission of High-Lift Technology is to develop
technology allowing the design of practical high lift
concepts for the High-Speed Civil Transport (HSCT) in
order to:

» operate safely and efficiently
¢ reduce terminal control area and community noise.

In fulfilling this mission, close and continuous
coordination will be maintained with other High-Speed
Research (HSR) technology elements in order to support
optimization of the overall airplane (rather than just the
high lift system).

4.3.2 High Lift Technology

This is the mission of the high lift team.

We will develop technologies for safe and quiet low-speed operations of a High Speed Civil
Transport. That includes both high lift and stability-and-control technologies.

And, we will do so as an integrated part of the larger program.

The work is broken into four overlapping subelements.
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Technology Concept Assessment

4.3.2.1

Develop an efficient high-lift system for the Technology
Concept airplane (TCA) and provide an assessment of the low
speed aerodynamic performance and stability and control
characteristics.

- TCA
* 5% model for 14 X 22 and 12-Ft
* AERO2S
e CFL3D and TetrUSS
— Modified Ref H
» 2.2% model for NTF
e CFL3D modeling

4.3.2 High Lift Technology

First subelement: TCA Assessment for both high lift and S&C

As with the Ref H, low Re parametric studies will be conducted in the 14 X 22. Linear codes
have been used to predict optimum flap settings and both structured and unstructured viscous
codes have modeled the configuration in an attempt to define the limitations of those codes on
this type of configuration. Status reports will be presented on the CFD efforts which, of course,
have the ultimate goal of reducing risk and the design cycle time for high performance aircraft.
In the 14 X 22, the low speed model will also be used to define powered ground effects on the aft
body this summer.

Early in FY’98, that model will be tested in the 12-Ft Pressure Tunnel over a moderate Re range.
That will be an unpowered test.

High Re estimates will be made from Re trends seen on the Ref H adjusted for planform and
leading edge radius effects as measured in our most recent test in the NTF. Because of
constraints created by a long, scheduled facility shut-down, the NTF testing was conducted on a
heavily modified Ref H model. Viscous codes are being validated using that data and will
hopefully give us an understanding of the Re effects and help “push” the data out to higher Re.
I encourage you to attend the presentations on the results of that test.
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High Lift System Concept Design

4.3.2.2

Design and evaluate refinements to the TCA high-lift
system in order to identify and develop potential
improvements required to meet performance targets
established for the HSR Phase Il High-Lift Technology
program.

— Arrow Wing

* 4% model in 12-Ft
— RefH

* 6% model in 14 X 22
— Modified Ref H

e 2.2% model in NTF
— Non-Linear CFD

4.3.2 High Lift Technology

Work is continuing in the more general category of high lift system development. This work will
be used to refine the TCA high lift system at the end of this FY.

Again, the experimental work is being conducted in the same three facilities and is being
accompanied at all levels of complexity computationally.
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Propulsion/Airframe Integration

4.3.2.3

Evaluate the installation effects of the propulsion system on
the low speed aerodynamic performance and stability and
control characteristics both in and out of the influence of the
ground.

- |Isolated Nozzle
- HEAT 1A
-TCA 2

4.3.2 High Lift Technology

A great deal of work has been conducted in the ARC 40X80 to define the powered effects and the
nacelle installation effects on this type of vehicle. The test referred to as HEAT 1 (High-Lift/
Engine and Aeroacoustic Test 1) studied, among other things, the effects of a powered inboard
nacelle on the configuration. A semispan model was used so ground-effect and sideslip testing
were impractical or impossible.

A follow-on test will look at the effect of a powered outboard nacelle and both nacelles powered
on the same semi-span model. A wind-on, isolated nozzle calibration will be performed first
leading to that test which is refereed to as the HEAT 1A test. It will look at the effect of:

- the high lift leading edge flap configuration on the inlet flowfield
- the nacelle installation on the high lift system
- high lift wing on the performance of the nozzle.

Also, as stated earlier, the 5% TCA model will be used to define some of the powered ground
effects on TCA.
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Tools and Methods Development

4.3.2.4
Develop the tools and methods required for:

— accurate assessment full scale aerodynamic performance
of HSCT configurations

— aerodynamic design of the HSCT high lift systems.

— CFD Development and Validation
o AERO2S, A502, DACVINE, ...
e CFL3D and TetrUSS
— Support System Interference
— Re Scaling and Transition Detection
— Ground Effect Modeling
— “Real Airplane” Effects
— lce Accretion

4.3.2 High Lift Technology

This subelement contains a number of different activities all aimed at successfully making the jump from
model to full scale.

It is true that CFD is being used in our test planning, but our test results are also being used to build
confidence in our CFD tools. Linear codes are still being widely used and CFL3D is still the most
commonly used viscous code by those working in this area, but several exciting new CFD packages are
now being evaluated which could dramatically reduce the time required to get a viscous solution. We are
involved in some technique development work and in validation efforts on an unstructured NS package
and in some rapid structured grid development efforts.

There are experimental and computational efforts ongoing to remove the support system interference
effects from the wind tunnel data sets.

Much of our Re scaling and boundary-layer-transition detection work is for this subelement, as well.

Another modeling issue being addressed involves the prediction of the ground effects that the vehicle will
encounter. To date, the ground effects have been predicted based on testing that didn’t model the sink rate
that the aircraft will actually have on approach. Some work is being done in this element, both
computationally and experimentally, to see if we think that modeling is giving us good predictions.

Also, a “piggy-back” activity is being considered for the HEAT 1A test which would look at the effect on
high lift system performance of the messy aspects of real airplanes. These are the things that we
experimentalists work hard to eliminate from our models like that gaps between leading edge flap
segments and less-than-smooth hingelines.

Finally, we are using the LeRC Icing Research Tunnel to grow some representative ice shapes for testing.

Now lets look at the planned flow of the work in each of these subelements.
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Logic Network

-

Qutput To Ti
HLo8TI
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Qutput To TI
HL10TI

Tech Concep! 3 Tech Concept

4321
Preliminary "] Final

Tech Concept
Assess. Assessment 10 Assessment | 11
4.3.2.2 Assess. High- High-Lift 4
igh-Lift System Litt System > System
ncept Design Refinements 12 Update 13
High-Litt Wind
Tunnel L2
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4323 HEAT 1A HUPAI /
Prop/Airtrame Aerodynamic | fme{ Aerodynamic
Integration Assessment 15 Assessment
Support/Wall
Interference 17
4.3.2.4
Tools & Method
Development 5
h Full-Scale Tools &
F,'I'%’g(;’;“ 18 Pradiction
Methodology
Viscous USG Ground Effects
Tech. Concept IMethodology
Assessment 20 jAssessmant 19

Note: Number at upper corner is Level 3 milestone number.
Number at lower corner is Level 4 milestone number.
Shaded Items are completed.
* interfaces with other program elements described in sections 3.14-15. A.3.2 High Lift Technology

This is a sketch of the flow of the work and of the interfaces with the outside world. The shaded activities are done.

In the TCA assessment you see that, based on TCA definition from Technology Integration and based on what we
learned from Ref H, we have designed a TCA high lift system. We also have a set of S&C requirements for the
vehicle which we will use to evaluate the performance measurements we will get from our testing. Our test results will
be given to the Flight Controls element for simulator development. After a few tests of the TCA, a preliminary
assessment will be done and forwarded to TI. Following some refinements and another year of testing, a final
assessment will be done and again, the results will go to TI.

Interface HLO2FC was the hand-off of ground effects data on the Ref H in high lift configuration to Flight Controls.
The plan is to take what we have learned from the recent NTF test and the Arrow Wing test currently in the 12-Ft and
develop a refined high lift system for the TCA. That will be evaluated on the TCA models and the results will impact
the high lift system for the Technology Configuration.

As I said earlier, HEAT 1 is complete. That was a test with data for acoustics and propulsion as well as high lift. They
made suggestions for the follow-on test, HEAT 1A, and the test has been defined. Following the test, the aerodynamic
data will be studied and then combined with other HL/PAI data and CFD results to develop a generalized HL/PAI
assessment of this type of aircraft.

As you saw on my last slide, this subelement contains a number of different activities. Following the first test of the
TCA in 14 X 22, existing unstructured NS solutions will be compared to the data and that new code will be assessed.
A number of wind tunnel testing methods are also being developed. These include removing support system and wall
interference effects, detecting boundary layer transition at all Re, and measuring ground effects accurately. Data from
the TU-144 flight test will help in the ground effects assessment. These will all roll up into a methodology for
predicting full scale performance from sub-scale testing.

That’s the work; here’s how it lays out in time.
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Level lll & IV Milestones

b - . -
4.3 AERODYNAMIC PERFORMANCE
4.3.2 High-Lift Technology
—__TASKS FY 1996 1997 1998 [1999
— Technology " Technol
rogram Milestones + Concept lCom‘igurag'g% Z N\
— High-Lift Concept High-Lift Wind
Se!ectlonl Tunnel Evaluation
! ' y }
HEAT 1A High-Lift System Tools and Tech. Concpt
Defined . Update Methods A Final A
7.~ \ AR
Tech. Concpt HL Tech. Concpt ~ HUPAI Aerodynamic
Geom. Defined Prelim. Assess. Assess.

Tech. Concpt HL Def. S&C Aero. Teoch. Concpt o Tech, Concpt
4.3.2.1 Technology Geom. Defined Requirements | Prefim. Assess. I Fina! Assess.
Concept A H
|Assessment | '

o Assess. High-Lift High-Lik System
4.3.2.2 High-Lift System Refinements | ™ ypdate
System Concept
Destan | O O
HEAT 1 Aeroacoustic "Large-Scale Feasiillty “Large-Scale Test HEAT 1A

4.3.2.3 As805S. Study Decision Req. Defined Aerodynamic Assass.
Propulsion/Alrframe T A
Integration J l I I_ I

SupporyWak Ground Effects Fub-Scale Prediction
4.3.2.4 High-Lift « Interference Methodology Assess. Mothodol
Tools and Methods - ﬂw YN
Development 4 BL Trans. Viscous USG Tach.

T ique Recom. __ 3

4.3.2.99 Task 1 1 l |

Coordination and

Planning [ I L ] l l | l ] l I l l

Shaded tems are completed Added 2/97 432 High Lift Techno]ogy

These are the milestones as they were defined at the start of PCD 2. Slips are indicated.

The definition of S&C requirements for TCA arrived later than planned, but still early enough to
be used during the wind tunnel tests of the configuration.

Because the Arrow Wing entry in the ARC 12-Ft was delayed, refinements to the TCA high lift
system will be defined a couple of months later than predicted, but this won’t affect any
downstream milestones.

Odd-looking data from our last test in the 14 X 22 has delayed our definition support-system
interference effects in the data acquired in that facility, however it does appears that the CFD
estimates are accurate.

And, the dynamic ground effects test in the 14 X 22 was pushed back to the end of this FY and we
have added the evaluation of a time-marching Euler code to that milestone so we slid it into 1998.
Again, the change has little impact on the larger program.

You can look at the other dates on your own.
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1996 Major Technical Accomplishments

+ All milestones, deliverables, and interfaces completed on
schedule and within cost.

+ Demonstrated viability of temperature sensitive paint technique
for boundary layer state measurements at high Reynolds
number conditions.

« Demonstrated 2% increase in suction parameter (15 counts
drag reduction) on 6% Ref. H due to sealed slat concept on
outboard leading edge.

¢ All wind tunnel test activities on schedule.

+ Development of viscous unstructured grid capability progressing
slowly, but initial results show promise.

+ Supported initial assessment of “Earmned Value” procedure within
HSR.

4.3.2 High Lift Technology

Here are some of our accomplishments from last year. This slide was prepared for an end-of-the-
year report to Wally Sawyer.

We are on schedule and resources were fine last year.

Check out the TSP talk and see the results of the transition detection tests at cryogenic
temperatures. It is very promising.

A new outboard l.e. slat has nudged us a little higher in our principal metric, suction parameter.

Our program’s high priority within NASA has allowed the tests to be scheduled such that we get
what we need when we need it.

Exciting progress has also been made in the area of unstructured NS codes. Catch that talk, too.

And finally, we supported the tracking of a new metric for management called “Earned Value.”
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Technology Performance Metrics
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4.3.2 High Lift Technology

As I said earlier, Suction Parameter is our principal metric. Here’s how we’re doing.

Our goal is 94% and we were getting there with the Ref H. The length of the bar indicates the
difference 0.2 degrees of flow angularity could mean to the conclusions drawn from he wind

tunnel data.

Changing to the TCA we moved back some, but should be able to get back to 94%.
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Technology Performance Metrics (cont)
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4.3.2 High Lift Technology

This is a similar slide for L/D.

As you can see, L/D is sensitive to the change in planform that happened between Ref H and
TCA. As aresult, the final projection is lower. That’s the result of the lower aspect ratio.
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Issues, etc.

+ Large uncertainty with schedule and availability of
NASA wind tunnels.

¢ 14- X 22-FST upwash data uncertain.

4.3.2 High Lift Technology

There are some issues that could cause problems in the future if we don’t address them.

The uncertain availability of the ARC tunnels and the backlog of tests at the 14 X 22 create a big
unknown.

As I have said before, the data from the last 14 X 22 test looks funny. Without it, not only is the
flow angularity in the facility unknown, but, if the cause is not identified, the data from
upcoming tests will be questionable.
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Conclusions

¢ Excellent progress

+ Future looks bright
— Funding is solid
— Support is strong

+ Still challenges

4.3.2 High Lift Technology

For the most part, though, the High Lift element is making excellent progress.
The support is still strong for HSCT at NASA HQ and in congress. Resources are good.

But, there are still some issues and plenty of technical hurdles to keep us all challenged.
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Use of Boundary Layer Transition Detection to Validate
Full-Scale Flight Performance Predictions

Marvine Hamner, Senior Project Engineer, McDonnell Douglas Aerospace
L.R. Owens, Jr., Aerospace Engineer, NASA Langley Research Center
R.A. Wahls, Aerospace Engineer, NASA Langley Research Center
David Yeh, Principal Engineer, McDonnell Douglas Aerospace

Full-scale flight performance predictions can be made using CFD or a combination
of CFD and analytical skin-friction predictions. However, no matter what method is used
to obtain full-scale flight performance predictions knowledge of the boundary layer state is
critical. The implementation of CFD codes solving the Navier-Stokes equations to obtain
these predictions is still a time consuming, expensive process. In addition, to ultimately
obtain accurate performance predictions the transition location must be fixed in the CFD
model. An example, using the M2.4-7A geometry, of the change in Navier-Stokes
solution with changes in transition and in turbulence model will be shown. Oil flow
visnalization using the M2.4-7A 4.0% scale model in the 14°x22’ wind tunnel shows that
fixing transition at 10% x/c in the CFD model best captures the flow physics of the wing
flow field.

A less costly method of obtaining full-scale performance predictions is the use of non-
linear Euler codes or linear CFD codes, such as panel methods, combined with analytical
skin-friction predictions. Again, knowledge of the boundary layer state is critical to the
accurate determination of full-scale flight performance. Boundary layer transition
detection has been performed at 0.3 and 0.9 Mach numbers over an extensive Reynolds
number range using the 2.2% scale Reference H model in the NTF. A temperature
sensitive paint system was used to determine the boundary layer state for these conditions.
Data was obtained for three configurations: the baseline, undeflected flaps configuration;
the transonic cruise configuration; and, the high-lift configuration. It was determined that
at low Reynolds number conditions, in the 8 to 10 million Reynolds number range, the
baseline configuration has extensive regions of laminar flow, in fact significantly more than
analytical skin-friction methods predict. This configuration is fully turbulent at about 30
million Reynolds number for both 0.3 and 0.9 Mach numbers. Both the transonic cruise
and the high-lift configurations were fully turbulent aft of the leading-edge flap hingeline at
all Reynolds numbers. ’
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Use of Boundary Layer Transition
Detection to Validate Full-Scale Flight
Performance Predictions

Marvine Hamner, Senior Project Engineer, McDonnell Douglas Aerospace
L. R. Owens, Jr., Aerogpace Engineer, NASA Langley Research Center
R. A. Wahis, Aerospace Engineer, NASA Langiey Research Center
David Yeh, Principal Engineer, McDonnell Douglas Aerospace

This presentation is again the successful result of the collaboration of NASA,
McDonnell Douglas, and Boeing researchers in planning and testing an HSCT-class
configuration under a wide variety of conditions. It focuses on the affect the
boundary-layer state has on our ability to predict full-scale flight performance.
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This paper represents more than just a wind tunnel test or a CFE_) study. It is the
combined effort of a huge number of researchers. Of particular interest is the LaRC

Temperature Sensitive Paint Team who put together the transition detection

technique that will ultimately enhance full-scale flight performance predictions from
low Reynolds number wind tunnel data. This team brings an immense body of

knowledge to bear on the problem of transition detection. I@ is composed of
engineers and scientists from NASA, industry, and academia.
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Presentation Outline

Effect of Fixing Transition on CFD Solutions

Transition Effects in Analytical Skin-friction
Predictions

Transition Detection using Temperature
Sensitive Paints

e Summary
The Next Steps
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Overall Wind Tunnel Test
Objectives

¢ Obtain free and fixed transition data on three
configurations: baseline, high-lift, and transonic

- Use data to design/validate a transition fixing methodology
for HSCT-class configurations

— Incorporate data in full-scale flight performance prediction
methodology

¢ Obtain data for CFD validation

Goal

¢ Be able to predict full-scale flight performance
using low Reynolds number wind tunnel test

data with confidence

Last year | said that, “To develop full-scale performance predictions an
understanding of Reynolds number effects on HSCT-class configurations is
essential.” Today we still have the same overriding premise in our wind tunnel test
objectives. Our ultimate goal is to be able to predict full-scale flight performance
using the data we acquire during configurations development, at iow Reynolds
number. When | say, “with confidence,” | mean that we should be able to say what

the level of confidence is in our predictions.
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Model/Configurations Deflmtloh
Used for Transition Tests

2.2% Model used for testing in the NTF

Wing: Reference H wing
Flap deflections available:

-LE _TE
Baseline 0/0 0/0
Transonic 0/10 0/3
High Lift 3030 10/10

Body: Fuselage truncated at station 60.8150

Nacelles: Axisymmetric

The 2.2% scale Reference H model used for transition testing at the NTF includes:

* wing - with various flap deflections representing high-speed and high-lift
configurations

s fuselage
¢ axisymmetric nacelles

The truncated fuselage is run on the straight sting. Trips normally applied include the
forebody ring and nacelle internals. A “conventional” wing tripping scheme based on
Braslow criteria was used to obtain the fixed transition data.
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Model/Configurations Definition

4.0% model used for testing in the 14'x22’

Wing: M2.4-7A Arrow wing
Flap deflections available: various

Body: Complete fuselage

Nacelles: Axisymmetric

The 4.0% scale M2.4-7A Arrow wing model used at the 14'x22’ includes:
*wing with various leading- and trailing-edge flap deflections
scomplete fuselage and tails

saxisymmetric nacelles
ym

The model is run on a post mount.
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Spanwise Pressure Comparison Locations
for the M2.4-7A Configuration

FS = Fuselage Statlons (in inches)

F§ FS FS
179248 | 2227.78 | 2671.35

FS FS FS ES
154640 2009.75  2445.80  2379.00

The spanwise pressure distribution at various stations can be used to illustrate the
effect of describing the boundary layer state on the CFD solution. This figure shows
which stations are used.
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Spanwise Pressure Comparison for the M2.4-7A Configuration

o Cp
A A . A M«03

{.l / } a=10°
- . d@TE - 20°
4 > ot enn ! A 200 - rna an Y
o (x) FS 1546 40 cp &) FS 227778
) . CFL3D:
n - %W | T Baldwin-Lomax

A N Y 2 G B Spalart-Allmaras
of L] S-A w/ transition
°
* o amn &n m-n 4 ‘ mn il [y ) -|mn Y TeSt Daw
& @) FS 177248 Co {e) FS 1445.5C Cr
.1 [‘ B3 i i > -1
4
a ‘ L} - L]
] > ) e [~ ¥ ] 08 m [ R | - - 4
(z) F3 200875 ) FS 27135 {3) FS 2079.00

CFD solutions using two different turbulence models were obtained as well as the
solution fixing transition at 10% x/c. This slide illustrates the difference in the
solutions obtained for these cases. In addition to determining which turbulence
model to use, describing the boundary-layer state plays an important role in obtaining
CFD solutions that best model wing flow field.
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Comparison of Wind Tunnel Oil Flow and CFD Solutions
Near the Trailing-Edge for the M2.4-7A Configuration
Trailing-Edge Flap Deflection = 20°
Alpha = 10 Degrees

Effect of Fixing Transition on Compuited ’Oil Flow’
& Spalert-Allmares o Spalart-Alknarss ® Wind Twanel Oll Flow

As shown in this figure, fixing transition at 10% x/c in obtaining the CFD solution
better models vortex formation.
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This slide illustrates the variation of flat plate skin friction coefficient with Reynolds
number and Mach number for various transition locations. A cut taken at an NTF test
condition yields a family of curves representing the flat plate skin friction coefficient
as a function of Reynolds number at various transition locations. This cut represents
a linar interpolation between original data at Mach 0.0, 0.5, and 1.0. This data was
obtained from the “Clutter charts,” Douglas Aircraft Company, Inc., Report Number
ES 29074. They represent a smooth, insulated flat plate.
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Analytical Skin-friction Calculations

Skin-friction drag = Contribution from wing +
Contribution from fuselage

= AcDWing + AcDFusolago
Each contribution = Form Factor « (S,,./S,es) * C¢

Form Factor, S, and S, based on physical geometry
C; based on previous analytical and experimental work

The flat plate skin friction coefficient is scaled by the form factor, the wetted area, and
the reference area. These factors are based on physical geometry. The Tl group
provided the values of these factors. Because of the presence of the forebody trip
ring, the fuselage can be considered fully turbulent. Thus the contribution from the
fuselage becomes constant based on Reynolds number while overall skin-friction
drag varies as a function of transition location on the wing.
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Analytical Skin-friction Prediction
Anchored with High Reynolds Number Data

-
Dovat = Al

: Reynalds Namber Stody b
2.2% Reference H, W/B Basellne Configuration, Mach = 0.3

ey
P L e e e e . O U fapabodly Gl Soting. Vnperiasraial doks w40 viduiaad

N\ W Tevms Lall s FTF T B0, el ety it e dhe smarapr o

" '

Drug ot Zera LIk, CDo

Reyiwlds Namber (x10 )

The chart in this slide was presented last year. It represents the scaled flat plate skin
friction coefficient for various transition locations, anchored at the minimum drag level
for the high Reynolds number condition. This particular slide includes data for the
Mach 0.3 case. The 40 million Reynolds number data shown in this chart has since
been determined to be bad.

This chart illustrates the variation in transition location as a function of Reynolds
number.
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Anchored with High Reynolds Number Data

Reynolds Number Soudy
2.2% Referwnce H, W/B Baseline Confliguration, Mach = 0.9

- HSCT
L DOUVOL o M
N

Dreg ut Zero Lin, CDo
H

Reynotds Namber (x10 $)

The chart in this slide was also presented last year. It represents the scaled flat plate
skin friction coefficient for various transition locations, anchored at the minimum drag
level for the high Reynolds number condition. This particular slide includes data for
the Mach 0.9 case.

This chart also illustrates the variation in transition location as a function of Reynolds
number.
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Mapped TSP Image Data

TSP image

Surface grid

Laminar region—%

to determine surface areax

Planar cuts through grid
of laminar region

The capability of directly determining the boundary layer state, that is laminar versus
turbulent, allows us to reconsider the analytical skin friction predictions. To" )

determine the square inches of laminar boundary layer present the 2-D TSP image
acquired during two NTF tests last year was mapped to a 3-D grid. Because the
extent of the laminar boundary layer is not symmetric, this grid was split into upper
and lower surfaces. These surfaces were cut with planes determined by two points
at the edge of the laminar boundary layer nearest the side-of-body and two points at
the edge of the laminar boundary layer nearest the trailing-edge. This technique
disallows turbulent wedges issuing from areas of damaged paint. However, for
conditions where a larger transitional region occurs it may overstate the extent of the
laminar boundary layer. The surface area representing this “laminar region” was then
computed.
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Percent Laminar Surface Area
"~ Mach  Chord  Laminar  Percent  Percent
Number Reynolds Area (in%) Laminar Laminar
Number Area Area
Based on Based on
Wimpress Gross
Area Area
0.3 8.5 109.9 445 39.6
14.4 65.4 26.4 235
21.6 54.6 22.1 19.7
340 -32.8 13.3 11.8
0.9 10.2 93.8 37.9 337
20.0 50.9 20.6 18.3
‘ 300 353 143 127

This table in this slide shows the computed “laminar region” for various test
conditions. Because no lower surface data was obtained for the Mach 0.3, 34.0
million Reynolds number condition, the upper surface laminar area was doubled to
obtain the value shown. Specific values for upper and lower surface areas are
available on request.

To obtain this table the following assumption was made.

1) It was assumed that the flat plate skin coefficient data was obtained at zero
degrees angle of attack. Since the twist on the outboard panel (where most of the
laminar boundary layer exists) is about one and one-half degrees, this table was
computed for data obtained at one degree angle of attack.

1767



———MCDONNELL DOUGL MHIGH-SPEED CIVIL TRANSPORT ~

Reynolds Number Study

2.2% Reference H, W/B Baseline Configuration,
Mach =0.3

T T T T T T T T
v . . ‘ * . .

g : : Analytical Skin-friction Predictiof
ok - RER oo e T e WIhd Tugiiel Forga Dald |-

Transition
Location

x/e=0.0
x/c=0.1
xfe=0.2
x/c=03
x/c =04
x/c=0.5

Drag at zero Lift, CDo

H i i H i i i i
° 10 20 30 40 &0 -] 70 80 90

Reynolds Number (x10%)

This slide illustrates the analytical skin friction predictions for various transition
locations, the wind tunnel force data previously acquired, and the computed laminar
surface areas at Mach 0.3. Previously, anchoring the analytical skin friction curves
using high Reynolds number data moved the curves such that there appeared to be
more laminar flow at low Reynolds numbers than analysis alone predicts. Direct
determination of the laminar surface area bears this out. However, there still appears
to be a discrepancy at low Reynolds numbers. This may be due to the presence of
other phenomena such as separation. It may be also be due to data quality.
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Reynolds Number Study

2.2% Reference H, W/B Baseline Configuration,
Mach = 0.9

85 T T T T T T

P Y. eeead LS S R 4
: ' ~ Analytical Skin-friction Prediction

N SR L...........e. ... Wind.Tunnel Force Data
: ® : TSP Data

7 Transition
~ xtc=0.0
x/c = 0.1
x/c = 0.2
x/c =03

x/c =04
x/c = 0.5

Drag at zero Lift, CDo

Reynolds Number {x10%)

This slide illustrates the analytical skin friction predictions for various transition
locations, the wind tunnel force data previously acquired, and the computed laminar
surface areas at Mach 0.9. As in the previous slide, when the analytical skin friction
curves were anchored using high Reynolds number data the curves moved such that
there appeared to be more laminar flow at low Reynolds numbers than analysis
alone predicted. Again, direct determination of the laminar surface area bears this
out. And again, there still appears to be a discrepancy at low Reynolds numbers.
This may be due to the presence of other phenomena such as separation. It may be
also be due to data quality. However, because the Mach 0.9 data is acquired at
higher dynamic pressures data quality issues in coefficients generally become less
observable. '
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Boundary Layer Transition Detection Reduces Risk
in Full-Scale Flight Performance Predictions

Analytical Methods

ransition Detection Using
Temperature Sensitive Paint Analytical Skin-Friction Drag Predictio
and Wind Tunnel Force Data

B et Turbident
e B B 8 AT i

Ground Test

- ol X Mo b : !
P ANNE «
e w4 b po s b T H N I S
AL g 3 | Sl
. o 1
- . » - » - » -
Reynolds Number (million}
T *All Data Represents
R Free Transition

Flight test results have not yet been
included in this model.

Flight Test

Summary illustrating scaled skin—friction curves anchored using high Reynolds Number
data, NTF wind tunnel data, and NTF TSP data. This figure illustrates the consistency in
trends and levels between the three data sources. It also depicts the interdependency
between over all design techniques, that is, between ground test, flight test, and analytical
methods.
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Summary

» Fixing transition has a significant effect on
CFD solutions.

+ Measured drag levels at low Reynolds
numbers are somewhat different than
changes in boundary-layer state show
indicating the presence of other phenomena,
for example separation.

¢ Knowledge of the boundary-layer state allows
anchoring analytical skin friction predictions
with low Reynolds number data.

o An assessment of the confidence level can be
made.

As shown in this presentation, fixing transition has a significant effect on CFD
solutions. This can be seen in both the resulting pressure distributions and in surface
streamlines illustrating vortex formation.

Measure drag levels indicate the presence of phenomena other than boundary layer
transition. Trends across Mach numbers between force data and transition data are
consistent.

Once the boundary layer state has been determined analytical skin friction
predictions can be anchored and full-scale flight performance predictions completed.
An assessment of the confidence level of the full-scale flight performance prediction-
can be made by determining upper and lower bounds on the extent of laminar
surface area and force data quality.
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The Next Steps

* Acquisition of low Reynolds number
transition data on additional models to
support methodology development.

Continued transition detection development.

Adaptation of methodology to configurations
and conditions of interest.

— The high-lift configuration appears to be fully turbulent at
angles of attack of interest.

- The outboard leading-edge flap is laminar at angles of
attack of interest for the transonic configuration.

— The cruise configuration maintains some laminar flow
outboard at the cruise angle of attack.

Incorporation of stability code predictions.

Continued effort to determine the extent of the laminar boundary layer including
acquisition of data on models at low Reynolds numbers will be key in fully developing
a methodology for full-scale flight performance predictions. This includes continuing
to develop transition detection techniques and understanding how to apply this-
methodology to additional configurations at a variety of conditions. Incorporation of
stability code results will play a major role in developing computational techniquas
that completely model the flow physics present. ' -
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Numerical Applications to HSCT High-Lift Aerodynamics

® Flow Visualization

® Automated LE/TE
Flap Deflections
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Automated Flap Deflection Procedures Reduce Turn—Around Cycle
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for Performance Analysis and Flap Opt

Start with a Clean Grid (No Flaps)

1 Specify Flap Deflections

(LEI, LEO, TEI, TEM, TEO)
2 Run Flap Deflection Procedures

3 Obtain a Modified Volume Gri
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Typical HSCT High-Lift Computational Model
¢ Single Zone Consists of 3.3 Million Grid Points for the Half-Body
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e Grids are Generated for 3—Level of Multigrid Calculation for
Each Sub-Region (Fuselage, Wing, Flap, Gaps elc.)
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TCA 30/10 Configuration with Full=-Span LE Flap
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A S E Technologies, Inc.

APPLICATION OF CFL3D TO AERODYNAMIC ANALYSIS
OF HSCT HIGH LIFT WING/BODY/NACELLE CONFIGURATIONS

Xuetong Fan
Paul Hickey
ASE Technologies, Inc.

High Speed Research Program
Aerodynamic Performance Technology Workshop
H. J. E. Reid Conference Center
NASA Langley Research Center
February 25-28, 1997
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Objectives

e Develop effective modeling procedure for CFD analysis of
HSCT High Lift Wing/Body/Nacelle (WBN) configurations

- Develop multi-zone grid structure to include nacelle installation
with and without deflected trailing edge flaps

- Apply CFL3D to these complex wing/body/nacelle configurations
using RONNIE preprocessor for block interfacing

e Evaluate the effect of nacelle installation on the aerodynamic
performance of HSCT High Lift configurations

- ldentify and analyze important flow characteristics due to nacelle
installation to support Propulsion Airframe Integration (PAl)

- Provide flow and performance data to suppiement wind tunnel test

Outline
1. MDA M2.4-7A Arrow Wing Configuration
A) Clean Wing : B) Deflected Trailing Edge :
e Grid structure e Grid structure

e Convergence history ® Diagnosis and lessons learned
® Comparison with test data
® Flow visualization -

2. HSCT TCA Configuration

A) Clean Wing : B) Deflected Leading Edge and Trailing Edge :
e Grid structure e Proposed new grid structure
e Convergence history
® Results

® Flow visualization

3. Summary and Future Plan
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A SE Technologies, Inc.

M2.4-7A Clean Wing
Wing/Body N-S Grid

e Single Block

e C-O Topology
® 297x65x117

We first present our work in the case of MDA M2 .4-7A clean wing with nacelle installation. The WBN model is
based on the wing/body (WB) grid provided by MDA. The WB grid is a single block grid using a C-O topology,
with i in the streamwise direction, j in the direction normal to the wing/body surface, and & in the spanwise
direction. In this case, the WB grid has a dimension of 297x65x117 with about 2.3 million grid points.
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A SE Technologies, Inc.

M2.4-7A Clean Wing N-S Grid Cut 7

e To make room for nacelles and diverters

e Under Wing:
i=1-113; j=1-41; k=33-85
e Above Wing:
i=257-297; j=1-29; k=33-85

In WBN model, we split the single block WB grid at appropriate locations to obtain a few smaller blocks. We then
remove two blocks, one underneath the wing and one above the wing, to make room for the nacelles and diverters.
In this case, the two blocks removed are i=1-113, j=1-41, and k=33-85 from under the wing, and i=257-297, j=1-

29, and k=33-85 from above the wing in the original WB grid.
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M2.4-7A Clean Wing
WBN N-S Grid

(front view)

We then incorporate the axisymmetric nacelles and diverters geometry into the remaining WB grid and generate
new grid blocks around the nacelles and diverters (ND). This picture shows the front view of the ND grid around
the forward portion of the inboard nacelles. Basically we use a C-grid around the ND outer surface and an O-grid
for nacelle interior. The C-grid and the O-grid extend upstream of the nacelle leading edge and interface with an
H-grid which fill the space between the C & O grids and the highly swept existing WB grid around the wing
leading edge. Similar blocks are used for the outboard nacelle. Due to the limitation of CFL3D Version 4 which
does not allow viscous surfaces at both ends of any one grid direction (I, J, or K), the C grid in this region has to be
divided into three blocks.
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A SE Technologies, Inc.

M2.4-7A Clean Wing
WBN N-S Grid

e 28 Blocks
. ® 3.8x10° grid points

i
(back view) /’; /

In the aft portion of the nacelles downstream of the wing trailing edge, O-grid topology is used for both inside and
outside of the nacelles. The outside O-grid is broken into pieces for better control of grid quality. As a result, a total
of 28 blocks with about 3.8 million grid points are used for the entire M2.4-7A clean wing WBN model. Both 1-1
grid point match and surface patching are used for the block interfaces. Block interface patching is done using
CFL3D’s preprocessor RONNIE.
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A SE Technologies, Inc.

M2.4-7A Clean Wing WBN N-S Solution
Free stream conditions: Mach = 0.3; Re = 8x108
Turbulence Model: Baldwin-Lomax with Degani—Schiff option

10 Convergence History

5
-
ke
(/)]
Q
o

= AOA=0

S AOA= 4

AOA=10

AOA=15

-3.0 L ] ! 1 I )
0 500 1000 1500 2000 2500 3000

lteration Number

The M2.4-7A clean wing WBN model is run using CFL3D V.4 for low speed free stream conditions (M=0.3) at
four different angles of attack (AOA=0, 4, 10, and 15 degrees). The free stream Reynolds number is 8 million
based on the reference chord. Baldwin-Lomax turbulence mode! with Degani-Schiff option is used. Two-level grid

sequencing and multi-grid cycles are used for faster convergence. In all four cases, converged steady state solutions
are obtained. This figure shows the Log-scale residual history.
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A SE Technologies, Inc.

M2.4-7A Clean Wing WBN N-S Solution

Free stream conditions: Mach = 0.3; Re = 8x10°
Turbulence Model: Baldwin-Lomax with Degani—Schiff option

Convergence History

1.0 r

- 08 -

9, AOQOA=15

_g 0.6
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o) 0.4 o

@]

£ 02 AOA= 4
00 { ] 1 1 | AOA?O
) 500 1000 1500 2000 2500 3000

Iteration Number

Even though the total residual did not decrease to a more satisfactory level, the integrated lift coefficients (and the
drag coefficients) have converged to a constant steady state level with very small variations. At this point, we
concluded that additional iterations would not further improve the results, as seen in the trend of the residual

history.
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A SE Technologies, Inc.

M2.4-7A Opt2a High-Lift System Performance
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RN NN RN
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Comparing with the wind tunnel test results for the same M2.4-7A WBN configuration, the predicted lift
coefficients agree well with the test data for all four angles of attack.
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Predicted lift and drag increments also agree well with the wind tunnel test data, as seen in the drag polar plot.
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A SE Technologies, Inc.

M2.4-7A Clean Wing WBN N-S Solution
Wing Upper Surface Pressure Distribution at AOA=10 deg

-1.50 -1.00 -0.50 0.00 0.50

This picture shows the pressure distribution at AOA=10 degrees on the wing upper surface. Similar distribution is
seen in the WB CFD solution completed by MDA. The CFD solution captured the primary and secondary leading
edge vortices above the wing. Though not shown in this picture, it is noted that, at AOA=10 degree, the leading
edge vortex strikes directly on the aft portion of the outboard nacelle, which may have some impact on the
performance of outboard engine when operating in suppressed mode.

The white horizontal and vertical lines in this picture illustrate the chordwise and spanwise locations where
pressure data are taken in the wind tunnel tests.

1859



A SE Technologies, Inc.

M2.4-7A Clean Wing WBN N-S Solution

Wing Lower Surface Pressure Distribution at AOA=10 deg

1550 1800 2225 2450 2675

-0.40 -0.10 0.20 0.50

This picture shows the pressure distribution at AOA=10 degrees on the wing lower surface. The low pressure
region around the leading edge of the outboard diverter indicates a relatively strong cross flow component in that
area.

Again, the white lines shows the pressure tap locations in the wind tunnel tests.
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A SE Technologies, Inc.

$io=2450 inches

-1.5 . .

M2.4-7A Clean Wing
WBN N-S Solution

Spanwise Pressure Distribution

& -05
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%00 BT 00 §00.0
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_ & -05 | g
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The following plots show the comparison of CFD results with wind tunnel test data in terms of spanwise pressure
distribution near the nacelles. We can conclude in general that the CFD results agree well with the test data.
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M2.4-7A Clean Wing
WBN N-S Solution
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Good agreement is also seen in these chordwise pressure distributions.
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A SE Technologies, Inc.

M2.4-7A Clean Wing WBN N-S Solution

Limiting streamlines around nacelles and nacelle iniets for AOA=10 deg.

One of the objectives of this work is to provide support by predicting important flow characteristics around the
nacelle inlet. This streamline plot shows that, at AOA=10 degrees, a region of flow separation exists downstream
of the outboard nacelle leading edge. This separation will result in flow distortion at the outboard engine inlet.
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M2.4-7A Clean Wing WBN N-S Solution

Nacelle Inlets Cross Sectional Static Pressure

AOA=10 deg

Inboard Outboard

0.920 0.945 0.970 0.995 1.020 1.045

The aforementioned outboard engine inlet flow distortion at AOA=10 degrees can also be seen from the cross-
sectional static and total pressure distribution at the outboard nacelle entrance plane.
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A SE Technologies, Inc.

M2.4-7A Clean Wing WBN N-S Solution

Nacelie Inlets Cross Sectional Total Pressure

AOA=10 deg

xxn meanuamy

0.86 0.89 0.92 0.95 0.98 1.01
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ASE Technologies, Inc.

Summary: M2.4-7A Clean Wing WBN N-S Simulation

e Obtained converged solutions for four angles of attack
e |Integrated aerodynamic performance agrees well with test data

e Predicted lift and drag increment due to nacelle installion agrees well
with wind tunnel test data ‘

e Surface pressure distribution agrees well with test data
e Captured significant flow characteristics

e Predicted flow distortion at nacelle inlets
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M2.4-7A Flaps 0/10
Wing/Body Gr

e Single Block

e C-O Topology
® 305x65x169

e 1-1 match between

webs in wing upper
Upper surface web

and lower surfaces

are used
-to-1
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Our next task was to model the MDA arrow wing WBN configuration with 10 degrees deflected trailing edge flap.

Again, our model is based on the single block WB grid provided by MDA.

to connect the undeflected wing lower surface to the deflected flap lower surface. In the WB CFD model,

grid point match was enforced between the upper surface web grid and the lower surface web grid. In our attempt
to model this complicated configuration, we tried to folow the same approach in the deflected TE region.

are used to connect the undeflected wing upper surface to the deflected flap upper surface
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M2.4-7A Flaps 0/10
WBN N-S Grid

Large variation in hinge line sweep
Close proximity of flap TE to nacelles

"Web" regions difficult to interface
with existing W/B upper surface grid

The actual layout of the deflected flaps and the nacelles further complicated the problem. There exists a large
variation in the flap hinge line sweep. Because the grid line has to follow the hinge lines and the wing/flap trailing
edges, highly skewed grid results. In addition, the trailing edge corners of the deflected flaps are very close to the
nacelle surface, which further complicates grid generation in those regions. Finally, trying to use the same
approach to handle the communication between webs, we made the decision to maintain the existing WB upper
surface grid and to make the new nacelle/diverter grid to match it.
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M2.4-7A Flaps 0110
WBN N-S Grid

e 35 Blocks
e 4.8 Million Grid Points

e Used wedges to match
the existing W/B grid
at wing upper surface

e Unable to obtain good
interface between wing
upper and lower surfaces
in web regions

As a result, we had to use many wedges to fill the highly skewed geometric space between the nacelles and the
trailing edge wing/flaps. The final WBN grid has 35 blocks with a total of 4.8 million grid points. However, we
were unable to obtain good interface between the wing upper surface (existing WB grid) and the wing lower
surface (new ND grid) in those web regions.
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ASET echnologies, Inc.

Summary:M2.4—7A Flaps 0/10 WBN N-S Simulation

Status and Lessons Learned:

Obtained converged Iaﬁrihinar solution

Unsuccessful running with turbulence model
Modifying existing grid unlikely to solve the problem

Concluded that "web" interface is the cause of failure
New grid topology is conceived to properly handle the geometry

Action:

Focus was shifted to TCA configuration

Will apply experience gained to better model TCA WBN configuration

with leading edge and trailing edge flap deflections - -
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TCA Clean Wing
Wing/Body Grid

e Single Block

e C-O Topology
e 281x69x133

e Min Viscous Spacing
2x107%in. (y*=0.2)

e Constant grid spacing
for the 1st 2-3 cells
off solid surfaces

As before, our work on TCA WBN configurations started with a clean wing model. Again, our WBN grid is based
on the single block WB grid provided by MDA. In the MDA WB grid, minimum viscous grid spacing of 0.002
inches is used which yields a minimum y*=0.2 for low speed simulation. (M=0.3, Re=8x10°) In addition,
experience at MDA indicates that maintaining the same grid spacing for the first two to three cells off solid
surfaces helps to predict a more accurate drag coefficient. We followed the same guidelines in our WBN model.
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TCA Clean Wing N-S Grid Cut

e Under Wing: /
|
i=1-105; j=1-41, k=33-113 ~

e Above Wing: _
i=233-281; j=1-37; k=33-113__ iy

Once again, the WB grid is divided into several sub-blocks and a region is removed to make room for the nacelles
and diverters. In this case, the two blocks removed are i=1-105, j=1—41, and k=33-113 from under the wing, and
i=233-281, j=1-37, and k=33-113 from above the wing in the original WB grid.
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A SE Technologies, Inc.

TCA Clean Wing

WBN N-S Grid
(Front View)

We used the same grid topology for the forward portion of the nacelles as in the MDA arrow wing case. Since
CFL3D Version 5 allows viscous surface specifications at both ends of any grid direction, we don’t need to break
the C-grid into pieces. This reduced the total number of blocks in the model.
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TCA Clean Wing
WBN N-S Grid
(Back View)

e 20 Blocks

® 3.9x10° Grid Points

e Minimum Viscous
Spacing 2x1073 in.

e A
i

‘The nacelles for the TCA configuration have a rectangular cross-section at the aft portion and diverters have a

blunt aft face flush with the wing trailing edge. We therefore use C-grid to cover the bottom and PAI side surfaces

~ of the nacelles and used an H-grid sitting on the top surface of the nacelles. The final TCA clean wing WBN grid
has 20 blocks with a total of 3.9 million grid points. Both 1-to-1 match and surface patching are used for block

interfaces.

Minimum viscous spacing is maintained at 0.002 inches for the first two cells off the solid surfaces.
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A S E Technologies, Inc.

TCA Clean Wing WBN N-S Solution

Free stream conditions: Mach = 0.3; Re = 8x106; AOA=10 deg.
Turbulence Model: Baldwin—Lomax with Degani—Schiff option

Convergence History

Log (Residual)

-3.0 I 1 1 I I 1 ] ]
0 500 1000 1500 2000 2500 3000 3500 4000

lteration Number

The completed TCA clean wing WBN model is run using CFL3D V.5 for AOA=10 degrees at free stream Mach of
0.3 and free stream Reynolds number of 8 million. Again, Baldwin-Lomax turbulence model with Degani-Schiff
option is used. Two level grid sequencing and multi-grid cycles are used. This figure shows the residual history up
to 3925 iterations. Again, the residual seems not going to decrease further to a lower level.
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ASE T echnologies, Inc.

TCA Clean Wing WBN N-S Solution

Free stream conditions: Mach = 0.3; Re = 8x10%, AOA=10 deg.
Turbulence Model: Baldwin-Lomax with Degani-Schiff option

‘0 Convergence History

Lift Coefficient (C))
© o o
B N ()] [04]

o
N
T

/ 1 I 1 ) 1 { i P ]
0 500 1000 1500 2000 2500 3000 3500 4000
lteration Number

o
o

However, the integrated lift coefficient seems to be converging with less and less fluctuations. At the end of 3925
iterations, it appears that C_ is still increasing slightly which indicates that additional runs are necessary for the
solution to converge to a steady state. Additional analysis is in progress to obtain a more converged solution.
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-10 -05 0.0 85 10

This picture shows the pressure distribution on the WBN lower surface from the latest CFL3D solution. The high
pressure and low pressure regions around the leading edge of the nacelles and diverters indicate cross flow in the
spanwise direction. Additional post-processing after the fully converged solution is obtained is necessary to clearly
understand and describe the flow features in that region. '

1877



S
Py
3
=Yy)
<
=)
1N
I~y
3
~
89
7
<

| el
o
mw.l. 239 0@
~ 3 D.% o
=30 P ©-t 9,
o = c £D
26 ° 2 = §85 EE
Q o
n o X X (@]
=M <L KB © g 0 .
LS 2 9 8 8% 5%
= | c
m W e o o o ®
NSRS, AR ) 7
SN " .nnwm:..nu:.i ‘ .
e e K X
i i K
§Q-~\s§§$«..\A\\\\\\\\\\\\\\\\\:o RO ! 7 \ %
2raslit I KX \ \ \
srriinitt ), XN \ \ \
L oo:osxs I ss ‘ \ \
A1 BN ) \
7 RO 00‘ s \\ \
aio"a u...‘.&nm ..w.“..oooo.’s\\\\\ \
NN \\\

KRR

0

KK
SRR
N

%

R

% 4
XA
N

%
DX

i

&%
{/

’

The WB grid in

n with deflected leading and trailing edges.

and lower

5

wing upper

in

TE flap hinge line sweep is more “continuous” in the spanwise

webs are used in the WB grid to connect the deflected

on W
gain,

-to-1 match is established between the webs

the

configurati
om,

the case of 30/10 has 3.4 million grid points. Once a
flap and the undeflected wing segments and 1

Our next task is to model the TCA WBN
surfaces. In this TCA 30/10 configurati

on.
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A SE Technologies, Inc.

TCA Flaps 30/10 WBN Model

How to model the "web" regions
due to the deflected TE flaps ?

Wing upper surface flap hinge line

tface flap hinge line

Deflected flap

The most critical question in this task is how to model the web regions due to the deflected TE flaps. This figure
shows the geometric mismatch between the wing upper surface web and the lower surface web.
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TCA Flaps 30/10 WBN Model

Proposed new approach:

(a) Use wedges above the deflected flap

Our proposed new approach to this problem is to use three wedges to fill the space above the deflected flap caused
by the TE flap deflection.
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A SE Technologies, Inc.

TCA Flaps 30/10 WBN Model

Proposed new approach:

(b) Use wedges under the undeflected
wing segments

And we will use another three wedges to fill the space underneath the undeflected wing segments caused by the
flap deflection. This will enable 1-1 point matching at (wedge) block interfaces as well as an accurate definition of
the viscous surfaces at the flap/wing end walls.

The advantages of this new approach include: (1) the geometry in the wing trailing edge region caused by the
deflected flaps is modeled more accurately; and (2) exact boundary conditions or block interface can be specified
for every face of all the wedge blocks.

All the solid surfaces are accounted for in this approach and exact 1-to-1 match can be established between the side

surfaces of the wedge blocks in the “web” region. By adjusting grid spacing in the gap regions, any gap size can be
modeled accurately.
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A SE Technologies, Inc.

Summary

e Obtained viscous CFD solutions for HSCT WBN configurations
without deflected trailing edge flaps (Arrow Wing and TCA)

- To date, comparisons with test data indicate good agreement
- Predicted flow characteristics may prove helpful for PAI work

e Developed a grid structure for HSCT WBN configurations
with deflected trailing edge flaps

Future Plan

e Continue to develop CFD models for HSCT WBN configurations;
Currently working on TCA Flaps 30/10 configuration

e Validate CFL3D solutions by further comparison with test data

e Support PAI tasks by quantifying the effect of nacelles on flap
aerodynamics and providing flow field details in the vicinity of nacelles
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NASA Langiey Research Center
Hampron, VA 23681-0001

There are many documents that describe the theory and
usage of the linearized-flow approach over the years. The
author feels that the documents listed above are chrono-
logically significant in the history of the development of
the codes, including many successful optimizations. The
first document was found to be especially interesting,
since the configurations described therein were similar to
the TCA configuration. The method used herein is essen-
tially identical to the method used in that report. Many of
the authors are still available for consultation, and thus
technical help was easy to obtain.
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Analytical Background of Computer Codes

« Two codes, WINGDES?2 and AERO2S, based on
linear, attached-flow theory

. Nearly-attached flow — high aerodynamic efficiency

- Estimate of attainable leading-edge thrust and
representation of vortex forces

- Actual performance comparable to that of a flat wing
with full leading-edge thrust

3of14

NASA Langiey Ressarch Center
Hampion, VA 23881-0001

The assumption is made that a high level of aerodynamic
efficiency results from a flow that is nearly as attached as
possible, minimizing the real-world effects of flow separa-
tion.

The method includes an estimate of attainable leading-
edge thrust and an approximate representation of vortex
forces.

The combination of attainable leading-edge thrust and

dustributed thrust produces performance comparable to
that of a flat wing with full leading-edge thrust.
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WINGDES?2

- Mildest camber surface that will produce optimum
performance

- A “design moment coefficient” is determined from an
initial “whole-wing design”

- Subsequent runs are carried out with flap areas
specified

- Result is set of flap deflections that approximate the
optimum camber design

- Does not make a performance analysis based on the
wing with deflected flaps

4014

NASA Langley Research Cemer
Hampion, VA 238810001

The code defines the mildest camber surface at specified
values of lift and pitching moment.

The “whole-wing design”, with no pitching moment con-
straint, is used initially in order to improve trailing-edge
flap specifications.
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AERO2S

« Used to estmate the aerodynamic performance of the wing with
deflected flaps

« Results are modified to include attainable leading-edge thrust and
the forces due to vortices

+ Measure of performance is the Suction Parameter, which
compares the drag of the configuration with upper and lower
bounds

Cpan(C,/Cy )~ AC
& Cpan(C,/C; )~ C, /(RAR)

« AERO2S runs are made at a matrix of multiples of leading-edge
and trailing-edge flap deflections

» Optimum flap defections chosen from the maximum Suction
Parameter point on a contour plot whose axes are the multiples of
the nominal flap deflections

S5of 14

NASA Langley Research Center
Hampion, VA 2368 1-0001

The forces due to vortices are produced by leading-edge
flow separation.

The upper bound of the Suction Parameter is the drag of a
flat wing with no leading-edge thrust and no vortex force.
The lower bound is the drag of a wing with an elliptical
spanwise load distribution and full leading-edge thrust.
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INPUT DATA

« Data for both codes were obtained from LaRC data files that were
extracted from Boeing data generated during lofting

sfy 24may96 020 TCA-6 Flopt 01 Cldes=0.5, Cmdes=-0.0141

$INPTI

NPLOT=1, PFILE="wdes_020.xyp’, ELAR=1.,

XM=.35, JBYMAX=18, CLDES=0.50, CMDES=-0.0141, IPRSLD=0, IVOROP=1,

RN=210., IEMPCR = 0, CBAR= 94.952, XMC=190.38, NGCS=0, IFLPDES = I,

NLEY=20, NTEY=20, XMAX= 247.4100, SREF= 8500.0000, NYC=20,

NPCTC=20, NYR=20,

TBLEY= 0.0000, 1.6400; 3.2810, 5.6660, 5.6670, 7.3750, 9.8330,
15.4840, 17.0920, 19.6890, 22.9710, 26.2520, 29.5340, 30.8580, 35.7900,

Gof 14

NASA Langiey Research Cemer
Hampoon, VA 23681-0001

Thanks to Lori Ozoroski, NASA Langley Research Cen-
ter, for providing the data files for both the WINGDES?
and AERO2S codes. The automatic production of the data
files during lofting computations saved a great deal of
tedious data extraction and specification.
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B Results of s« WINGDES2/AERO2S Flap Optimization for the TCA 25Feb97 ®

TCA Wing Planform with Part-Span Flaps

7Tof14

NASA Langiey Research Center
Hasmpion, VA 23681-0001

The numbering system of the flaps has occasionally var-
ied. The system shown above will be used in this paper,
along with an extended version of it for the full-span flaps.
Identical flap numbers will be differentiated by specifying
“leading-edge” or “trailing-edge”.
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® Resulls of a WINGDES2/AERO2S Flap Optimization for the TCA 25Feb 97 =

Optimized Distribution of Part-Span Flaps

—©— Leading Edge Flaps 35— Trailing Edge Flaps ----- Flap Definition
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NASA Langiey Research Center
Hampion, VA 23681-0001

The upper curves correspond to the left-hand-side axis,
and the lower curves to the right-hand-side axis.

Since the span of the wing is divided into a finite number
of strips for the flap analysis, strips that include non-flap
areas show their chord lengths reduced accordingly.

The flaps angles are measured in the streamwise direction.
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@ Results of « WINGDES2/AERO2S Flap Optimlization for the TCA 25Feb387 =

Flap Deflection Schedule Used in AERO2S

30

LES6,7,8
t %
g 20|
2 [
g [
© L
8 5r
3] [
2 [ LE3, 4,5
D
= 10f
a N
E TE3
i TE 2
s| TE
0'“.,1. A Y N ST I T ST O P |
0 10 20 30 40 50 60 70
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NASA Langiey Research Cemer
Hampon, VA 23681-0001

The average value of flap deflection was calculated and
specified as the nominal value for that flap. Flap deflec-
tions are still specified in the streamwise direction.
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® Results of o WINGDES2/AERO2S Fiep Optimizetion for the TCA 25Fabd97 =

Suction Parameter Contours

8, ratio

“NW AN D OB m
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8, ratio
100f 14
NASA Langiey Resserch Cefiter

Hampion, VA 236810001

The nominal values of the flap deflections are multiplied
as TE and LE groups by weighting factors ranging from 0

to 3 (for this configuration) to obtain deflection ratios Org

and 9, ... The resulting Suction Parameters are plotted
against these ratios. An optimum Suction Parameter is
apparent near 8, = 2 and § 1 = 0.75. Also plotted are

angle of attack and pitching moment coefficient.
The large number of individual calculations were carried
out in a day or two, as AERO2S ran very quickly on our

mainframes.
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M Results of a« WINGDES2/AERO2S Fiap Optimizstion for the TCA 25Feb97 =&

- TCA Wing Planform with Full-Span Flaps

NASA Langiey Ressarch Center
A

A second configuration was analyzed, the full-flap config-
uration, in which LE flap 3 is made a full flap, and LE
flaps 1 and 2 are added. All of the leading-edge flap deflec-
tions were then re-optimized, as were the trailing-edge flap
deflections. The trailing-edge flap configuration remained
the same in extent.
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W Aesuits of & WINGDES2/AERO2S Flap Optimization tor the TCA 25Feb97 =

Optimized Distribution of Full-Span Flaps N

—O— Leading Edge Flaps -B— Trailing Edge Flaps ----- Flap Definition
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The resulting optimized distribution is very similar to the
part-span flaps. Likewise, the ratioing of the deflections
and optimization of the Suction Parameter resulted in sim-
ilar numbers.
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W Aesuitls of 8« WINGDES2/AERO2S Flap Optimization for the TCA 25Febo7 ®

Application of Results to TCA

« Average deflection for each flap was calculated

« Streamwise deflection values changed to values normal to the
1and,

hinge line of the flap using s, ~ sun(7*)

cosA,,

« Flap values rounded to the nearest 5°

| »le > I
U LE Flaps 17 TE Flaps

1 2 3 4 5 6 7 8 1 2 3

Part 0 0 45 25 25 30 30 30 10 10 20

Full 5 10 20 35 35 30 30 30 10 10 20

130t 14

NASA Langiey Ressarch Censer
Hampion, VA 23681-0001

The final flap deflection schedule, after reference to the
local hinge lines of the flaps, indicates a great deal of sim-
ilarity between the part-span and the full-span distribu-
tions. The Suction Parameters obtained were also very
similar in value. Values compare very reasonably with pre-
vious flap deflection schedules derived by other means.

1945



® Resulls of ¢« WINGDES2/AERO2S Flap Optimization for the TCA 25Febs7 =

Conclusions and Comments

 The codes WINGDES?2 and AERO?2S were easy to obtain,
and technical help was readily available

» The codes have a long, well-documented history of
successful optimizations of various aircraft configurations

» The codes were easy to use, although specification of input
data was time-consuming

- Run times were short, allowing the many runs necessary
for the Suction Parameter matrix to be accomplished within
a day or two

- Results of the optimization appear to be reasonable

NASA Langley Ressarch Center
Hamptwon, VA 23681-0001
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Flow Simulation About A High-Lift High Speed Civil

Transport Using TetrUSS
1997 AP High Lift Workshop

by
Victor Lessard

Vigyan, Inc.

v.r.lessard@larc.nasa.gov
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( QOutLine

AN Description of TetrUSS
-Grid generation
-Flow Solver
-Postprocessing

& TetrUSS Euler application to TCA High-Lift configurations
-Grid study
-Flap effectiveness study

& Tetruss viscous application to TCA configurations
Baseline
-Grid generation
-Near wall grid spacing study
-Comparison to structured grid N-S solution and LaRC 16 FT data.

High-Lift-30/10 configuration
-Grid generation (modified TE flap geometry)
-Viscous solution (hopefully)

-

v.r.lessard@larc.nasa.gov

1948



( - Tertrahedral Unstructured Software System
TetrUSS

(1996 NASA Software of the year)

@ Geometry Setup: GRIDTOOL~developed by Dr. J A. Samareh (CSC)
-interactive program for defining surface from CAD and point data
-surface projection method for assuring that triangles lie on the surface

4 Grid Generator: VGRID-developed by Dr. Shahayar Pirzadeh (VIGYAN, Inc. )
-triangular surface and tetrahedral volume grid by advancing front method
-viscous grids generated both advancing layer and front technology

@ Flow Solver: USM3D -Usm3D developed by Dr. Neal T. Frink (NASA LaRC)
-tetrahedral cell-centered, finite volume, RFDS and VLFVS
-2nd order accurate spatial reconstruction
-Spalart-Allmaras turbulence model with wall function

AN Analyzing Solutions: VPLOT3D -developed by Dr. Paresh Parikh
-interactively display grid and flow solution
-particle traces, vectors and surface data probing and more

-TECPLOT and FAST can be used as well
- Y,

v.r.lessard@larc.nasa.gov

TeTrUSS refers to the Tetrahedral Unstructured Software System. This system was devel-
oped at NASA Langley with the collaboration of several local contractors. TeTrUSS won
the 1996 NASA software of the year award. It is made up of four main codes. They are
GRIDTOOL, VGRID/POSTGRID, USM3D and VPLOT3D.
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TetrUSS Euler Application to TCA High-Lift
Configurations

4 Objective

-Perform a flap effectiveness study to support upcoming wind tunnel test in the
14x22 Foot Tunnel in March

v.r.lessard@larc.nasa. gov
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TCA High-Lift Configuration
Flap Settings Studied

Leading-Edge Flaps Trailing-Edge Flaps
CZSQ& t 203 | a]lstel 7 s | 1| 2]3
TCA-1 0 [30 [30 [30 {30 [30 [30 [30 |10 |10 |10
TCA-2 o [0 |30 {30 {30 [30 [30 [30 [0 [10 [10
TCA-3 o [o 4 a0 |40 [40 [40 [40 |10 |10 |10
TCA-4 0 [o |50 {50 |so |s0 |50 |so [10 [10 |10
TCA-5* |0 |o [45 |25 [25 [30 30 [30 [10 [10 |20

* optimized setting from AERO2S

=

v.r.lessard@larc.nasa.gov

Unstructured grid Euler calculations are done for five TCA high-lift configurations. The
table shows the leading- and trailing-edge flap settings for the five configurations given the
naming convention TCA-1 through TCA-5. Note, the naming convention is different than
for the wind tunnel configurations which have similar nomenclature. The sketch shows

the locations of the flaps.
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TCA-1 Unstructured Euler Grid
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Grid gencrated using VGRID

This figure shows the features of the unstructured Euler grid for TCA-1 high-lift configu-

ration. This grid is typical of all the high-lift configurations grids. The red triangles lie on
the symmetry plane. A close up view in the right lower corner shows the details of the sur-
face triangles at the trailing-edge in the vicinity of the segmented flaps.
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TCA-1 Configuration Grid Refinement Study

Euler Grids

X o

B . . Fine Grid
. - Medium Gnd Is
Coarse Gnic 887,010 cells ' fﬁgfjgn";’;fmcs
41.486 bndry faces 49,698 bdry faces 205 MW memory
109 MW memory 147 MW memory :

Grids generated using VGRID

Euler calculations for TCA-1 high-lift configuration were done on three grids to access the
grid convergence quality of the solution. This figure shows the surface triangulations in
the vicinity of the segmented trailing-edge flaps for three grids. They are the coarse,
medium and fine grids. The total number of tetrahedral cells range from 0.66 million to
1.2 million going from the coarse to fine grids. The amount of resources in terms of mem-
ory to run USM3D for the grids ranged from 109 megawords to 205 megawords for the
coarse and fine grid, respectively.
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TCA-1 Configuration Grid Convergence Study

USM3D-Euler
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This figure shows the solutions convergence history for the TCA-1 high-lift configuration
on the three grids; the coarse, medium and fine. The convergence rate for the coarse and
medium grids are nearly the same where there is a drop of three orders of magnitude for
the residual (r/ro) within approximately 300 iterations. The fine grid took almost 2 times
the number of iterations to reach the same level of residual. The bar chart shows the dif-
ferences in C-90 run times between the three grids. The lift and pitching moment coeffi-
cients history curves show the state of the converged solutions as well. From this study of
the convergence history curves it can be seen that there is a definite advantage if the results
from the coarse or medium grid are good enough.

1954



TCA-1 Unstructured Grid Refinement Study

y/(h2)=38 1%
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Predicted pressure coefficients for the coarse, medium and fine grid of the TCA-1 high-lift
configuration is shown at 4 constant spanwise stations. The flow conditions are M=0.24
and an angle-of-attack (AOA) of 8 degrees. The pressure coefficients are essentially the
same for the three grids with the exceptions at the leading-edge flap hinge-line where the
more fine grid produces the higher suction peaks.
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TCA-1 Configuration Grid Refinement Study

USM3D-Euler
M=0.24

Cp, = pressure drag coefficient
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As part of the grid refinement study the predicted lift, pressure drag, and pitching moment
coefficients are presented for AOAs of 8 and 10 degrees for the coarse, medium and fine
grids of the TCA-1 high-lift configuration. As suspected from the surface pressures plots
of the previous page, the integrated lift for the three grids are very close where the fine
grid lift is the greatest. The integrated pressure drag decrease with increase in grid refine-
ment and appears to be approaching a grid convergence. However, the pitching moment is
increasing in the negative sense at a geometric rate with each grid refinement. Further grid
refinement is needed to obtain a true grid refinement.
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TCA High-Lift Configurations Euler Calc.

USM3D-Euler: M=0.24, a=12"

TCA-1(8,,,=307. 8, =10")

TCA-25,,=30". 8,=10") "
: . 0.01

-0.35
-0.71
-1.07
-1.42
-1.78
-2.14
-2.50 !

TCA-3(5,,=40°. §_,=10")

Under the assumption that the fine grid of the TCA-1 high-lift configuration was suffi-
cient, Euler calculations for the other four TCA flap setting (TCA-2,3,4,5) were done for
grids of comparable densities. Upperwing surface pressures results for the five high-lift
configurations are shown on this page and the next page. The flow conditions are M=0.24
and an AOA of 12 degrees. Differences in the surface pressure can be seen due to the dif-
ferent leading- and trailing-edge flaps deflections. Most notable differences can be seen
between the TCA-1 flap setting where the entire leading edge is deflected at 30 degrees
and the other configurations where the flaps 1 and 2 are undeflected. The TCA-5 configu-
rations shows the greatest wing loading on the outboard wing section. This is due to the
increase in flow circulation caused by the trailing-edge flap 3 deflected at 20 degrees. This
outboard loading is expected to over predicted because the Euler calculations cannot pre-
dict the trailing-edge separation on the outboard flap.
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TCA High-Lift Configurations Euler Calc.

USM3D-Euler: M=0.24, x=12"

TCA-4 (§,,=50". 5_=10")

e e} o ] =20°"
TCA-5(8,,=45". 25°, 30°, §,_=20") 5 oo
; -0.35
-0.71
-1.07
-1.42
-1.78
-2.14
-2.50
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Predicted Forces and Moments of High-Lift TCA Flap Configurations
USM3D-Euler Results
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The predicted lift and pitching moment coefficients and their deltas between the different
configurations are plotted verses AOA in this figure. The TCA-2 configuration is used as
the reference point for computing the deltas. TCA-2 configuration produced more lift
than the TCA-1,3,4 configurations. The solution for the TCA-1 configuration at AOA of
14 degrees did not converge bat is shown for completeness. The TCA-5 configuration
produced the greatest lift over the AOA range and this is due the outboard flap being
deflected at 20 degrees. The exact increase in lift should be taken lightly because the
Euler calculations cannot predict trailing-edge flow separation. The pitching moment for
TCA-1 through TCA-4 configur